conserved developmental control mechanisms. Understanding more about the functions of the vast swathes of noncoding genome and how evolutionarily conserved RNA interference mechanisms can be tuned by the emergence of ceRNAs is likely to take us closer to discovering what, from a genetic perspective, makes us human.
In this issue of Neuron, Mende et al. (2016) report how axo-axonic synapses of interneurons balance the strength of glutamatergic terminals in the spinal cord. The results highlight presynaptic roles of mGluR1 receptors and of BDNF as a retrograde signal to regulate GABA synthesis and tune transmission.
The molecular composition of mature synapses undergoes dynamic changes to adjust their strength in an activitydependent manner. Soluble factors play important roles in these tuning processes, including molecules that are released by postsynaptic targets to adjust the functional properties of the presynaptic terminals contacting them. Prominent retrograde signals are endocannabinoids, growth factors like BDNF, and contact signals mediated by cell-cell adhesion (Regehr et al., 2009 ). These mechanisms allow for highly localized control over synaptic function. Such retrograde signaling can mediate the presynaptic inhibition of transmitter release that is part of the tool box used by interneurons to control circuit activity (Isaacson and Scanziani, 2011) . Primary sensory systems offer the opportunity to investigate this dynamic tuning of inhibitory inputs at axo-axonic synapses. In the spinal cord, these are formed by presynaptic inputs of the GABApre class of inhibitory interneurons onto the sensory terminals of excitatory proprioceptive neurons ( Figure 1A ). These inhibitory terminals hence ''impinge on the terminal knobs of excitatory synapses,'' and it was early on postulated after their discovery that they affect presynaptic inhibition (Eccles et al., 1963) .
The formation of axo-axonic synapses is guided by immunoglobulin adhesion complexes expressed at the boutons of GABApre interneurons, which exclusively target these sensory terminals (Ashrafi et al., 2014; Betley et al., 2009 ). The question of how these synapses are tuned once they are formed remained open, until now. Mende and colleagues focused on retrograde signals that control the presynaptic composition of these inhibitory terminals. Their results, reported in this issue of Neuron, show how the trophic factor BDNF and mGluR signaling mediate an activity-dependent molecular remodeling of these axo-axonic synapses and adjust presynaptic inhibition.
The authors used VGLUT1 knockout (KO) mice to abrogate glutamatergic transmission in proprioceptive sensory neurons. In acute preparations of spinal cord, they applied a low-frequency stimulation paradigm to depress these proprioceptive afferent terminals. Wild-type (WT) showed the expected gradual depression of the monosynaptic reflex after sequential low-frequency stimulations. The absence of VGLUT1 resulted in a significantly more depressed reflex, confirming the expected impairment of glutamatergic transmission at these proprioceptive synapses. VGLUT1 loss did not change the number of sensory neurons or of GABApre boutons contacting sensory terminals. These findings supported that VGLUT1 KO mice could serve to investigate the roles of glutamate release in the differentiation and function of these axo-axonic synapses.
Through quantitative immunohistochemical staining, the authors then identified a molecular entry point to understand the activity-dependent remodeling of axo-axonic synapses. They determined that VGLUT1 KO mice exhibited substantially lower expression of the glutamate decarboxylase enzymes GAD67 and GAD65 at GABApre boutons, which can be expected to impair their ability to synthesize GABA. The changes occurred in absence of ultrastructural aberrations, and synaptic vesicle density remained normal at GABApre boutons in VGLUT1 KO mice.
The immunohistochemical findings raised the question of whether the inhibition of sensory transmission is altered in absence of glutamatergic transmission. To directly measure presynaptic inhibition, the authors recorded monosynaptic responses after repeat dorsal root stimulation in their preparation. The responses were reduced in WT mice, and this was dependent on GABA A receptors. Importantly, this presynaptic inhibition was impaired in VGLUT1 KO mice. This physiological finding lined up with the reduced expression of GAD enzymes in GABApre terminals of VGLUT1 KO mice. But how was glutamate release tied to the control of GAD enzymes in GABApre boutons? The authors took a hint from the timescale of the effects, with presynaptic inhibition only occurring at long conditioning intervals. Metabotropic glutamate receptors exhibit long activation periods, and the authors confirmed expression of mGluR1b in GABApre interneurons. Moreover, immuno-electron microscopy showed that mGluR1b is expressed on 40% of these GABApre terminals. This was unexpected, as no regulatory functions of mGluR1 receptors in presynaptic terminals are known. Turning to mGluR1 KO mice to test the function of this receptor in GABApre interneurons, they found that loss of mGluR1b decreased the levels of GAD67 (but not GAD65) at GABApre boutons ( Figure 1B) . The constitutive abrogation of mGluR1 also strongly reduced presynaptic inhibition, while acute pharmacological block of mGluR1 did not. mGluR1 signaling in GABApre boutons is therefore one process that can inhibit sensory terminals depending on the amount of glutamate released.
The authors knew that their system is more complex and must include a parallel process that allows for the glutamatedependent regulation of GAD65 at GABApre boutons. The Kaltschmidt lab had previously shown that this GAD65 expression is dependent on BDNF released from sensory neurons (Betley et al., 2009 ). Indeed, they found that BDNF levels were reduced by half in the spinal cord of VGLUT1 KO mice. Moreover, overexpression of BDNF in proprioceptive neurons of VGLUT1 KO mice was sufficient to rescue GAD65 levels at GABApre boutons, and a partial contribution of BDNF signaling to presynaptic inhibition was supported by deleting its receptor TrkB in GABApre interneurons ( Figure 1C ). The molecular pathways through which mGluR1 and TrkB control the expression of GAD67 and GAD65 proteins can now be determined. The authors found no difference in Gad65 and Gad67 mRNA levels in the spinal cords of VGLUT1 mutant mice, suggesting that presynaptic GAD65 and GAD67 levels may be regulated by protein transport or local translation. Two retrograde signaling systems hence act in GABApre neurons downstream of glutamate release to regulate the molecular differentiation of GABApre boutons at axo-axonic synapses, one comprised of mGluR1b regulating GAD67; the other acting via BDNF/ TrkB to modulate GAD65. Together, the authors demonstrate that abrogation of glutamatergic transmission leads to reduced expression of GAD enzymes in the GABApre terminals contacting the sensory terminals. In future studies, it will be of interest to determine the dynamic range of this ''rheostat'' upon lowering or increasing, rather than blocking, glutamatergic transmission. Inhibitory synaptic feedback doesn't get more spatially confined to control transmission. This work provides new insights into how the molecular composition and function of inhibitory inputs can be modulated by their synaptic environment, and the implications span from the discovery of new molecular mechanisms to the balance of excitation and inhibition in networks. On a molecular level, the results expand the previous finding that sensory neuron-derived BDNF controls GAD65 in GABApre boutons (Betley et al., 2009 ). The regulation of BDNF secretion at these excitatory sensory synapses had been unclear, and these new results support that glutamate release is upstream of BDNF secretion. Retrograde signaling by BDNF appears to act in a synapse-specific manner, as mosaic expression of BDNF in sensory terminals of mice lacking VGLUT1 only rescued GAD65 levels in those GABApre boutons that synapsed onto the BDNF-restored terminals. This indicates that these signaling mechanisms regulate inhibition on the level of individual synapses. These findings provide new insights into the complexity of local neurotrophin actions in the developing and mature CNS (Park and Poo, 2013) .
In addition to the regulation of GAD65 amounts, another pivot point for glutamate action is provided in this system by the expression of GAD67 in GABApre interneurons. While GAD65 is vesicle bound, cytosolic GAD67 mediates the bulk of GABA synthesis. Mende et al. show that a loss of glutamate release decreases GAD67 in GABApre boutons and that this involves mGluR1 receptors. A presynaptic site of mGluR1 expression and action was unexpected, and this finding raises the question of whether other groups of mGluRs are expressed in GABApre terminals as well. Given the profound disease relevance of group 1 mGluR receptors in developmental and other brain disorders (Lü scher and Huber, 2010) , this adds a new twist to our understanding of their functions in the CNS. The timescale of mGluR1 signaling effects is of interest, as it controls GAD67 only in response to chronic, but not acute, block of mGluR1 signaling. The need for this slow modulation remains to be elucidated, but it could serve to track and integrate the activity history of individual sensory terminals while regulating them. Further, a specific synaptic effect of mGluR1 signaling is supported by the finding that presynaptic GAD67 expression was affected in VGLUT1 or mGluR1 KO mice only in the GABApre, but not the GABApost, class of interneurons. This argues against indirect network effects as cause of altered GAD67 expression when glutamate release and glutamate sensing are abrogated.
This tuning system relies on the expression of the BDNF receptor TrkB and of mGluR1 in GABApre boutons. It is conceivable that the adhesion proteins NrCAM and CHL1 that form and maintain these axo-axonic synapses (Ashrafi et al., 2014 ) also may have roles in the presynaptic recruitment or function of this signaling machinery in GABApre terminals. Given that sensory terminals are studded with GABApre boutons, other intriguing questions that can now be addressed are whether single GABApre interneurons contact multiple sensory terminals or whether the inputs of several GABApre interneurons converge on an individual sensory terminal. Addressing these points can help to understand whether these axo-axonic signaling mechanisms may integrate network responses.
From a circuit perspective, this work presents novel insights into how excitatory synapses are put under local activity-dependent control. In a sense, these axo-axonic inhibitory inputs could act like a circuit's resistor driven by retrograde signaling from sensory terminals to form a rheostat. While the study focuses on how presynaptic inhibition of sensory terminals is set during development by the molecular differentiation of GABApre boutons, it will be important to know whether these mechanisms continue into adulthood, and whether glutamate released from highly active sensory terminals triggers signaling by BDNF and mGluR1 so that GABApre terminals can ramp up GABA synthesis and tone down their glutamatergic terminal targets, and vice versa, in a truly homeostatic manner ( Figure 1D ). Such homeostatic mechanisms were previously roposed to filter sensory information (Rudomin and Schmidt, 1999) , and this can now be tested. Together, this study in the spinal cord provides novel ideas and mechanistic insights into the local modulation of glutamatergic transmission, revealing axo-axonic inhibitory inputs as piggyback resistors of synapses and perhaps sensory circuits.
